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MinireviewT Cell Development in Culture
of developing thymocytes suggests that distinct differ-Sophie M. Lehar and Michael J. Bevan1
entiative signals reside in microenvironments within theDepartment of Immunology and
thymus (Anderson and Jenkinson, 2001), but it remainsHoward Hughes Medical Institute
incompletely understood what these spatially restrictedUniversity of Washington
signals may be. Recent data suggest that at least someSeattle, Washington 98195
of these signals are delivered through the Notch signal-
ing pathway.
In a report appearing in this issue of Immunity, SchmittThe T cell compartment is continuously replenished
and Zu´n˜iga-Pflu¨cker demonstrate that by providing aby a renewable source of stem cells. In the adult, bone
Notch signal in a culture system that otherwise pro-marrow-derived stem cells seed the thymus and initi-
motes B cell development, the entire program for T cellate a developmental program that requires a series
maturation to the mature T cell stage can be achievedof incompletely understood signals that are normally
in vitro. These data complement a recent report by Ja-provided by the thymus. Failure to recapitulate this
leco et al. (2001), which examined the role of differentprocess in simple in vitro cultures has hampered ef-
Notch ligands (Delta-1 or Jagged-1) in regulating theforts to fully characterize these unique signals. In this
differentiation of human hematopoietic progenitors. Ja-issue of Immunity, Schmitt and Zu´n˜iga-Pflu¨cker de-
leco et al. presented intriguing data suggesting that dif-scribe a simple in vitro culture system that is able to
ferent Notch ligands may exert unique effects on T cellgenerate mature T cells from fetal liver stem cells by
lineage commitment, but they were unable to generateexpressing the Notch ligand Delta-1 on the OP9 stro-
any mature T cells. Together, these reports strengthenmal cell line. This finding should greatly enhance ef-
the notion that Notch signaling regulates key check-forts to study T cell development and may provide a
points during T cell development, and may providetool for generating defined T cell populations in vitro.
unique spatially restricted signals that are normally pro-
vided by the intact thymus. Although the data presented
by Schmitt and Zu´n˜iga-Pflu¨cker are by no means the lastLymphocytes develop from the descendents of multipo-
word on T cell development, they describe a previouslytent hematopoietic stem cells (HSC) that have lost the
unavailable, easily manipulable culture system that willability to generate erythroid or myeloid progeny. One
undoubtedly facilitate future studies aimed at character-step along the way is referred to as the common
izing the signals required throughout this complex path-lymphoid precursor (CLP), which can give rise to both
way of differentiation.B and T lymphocytes. In order to fully mature, both B and
Summary of the Notch PathwayT lymphocyte progenitors must productively rearrange
The Notch pathway is an evolutionarily conserved sig-their antigen receptor genes through a highly ordered
naling mechanism that regulates developmental deci-process that regulates their progression through distinct
sions in diverse organisms including worms, flies, anddevelopmental stages (Rothenberg, 2000). In adult mice,
mammals by regulating cell-cell interactions betweenB cell development occurs predominantly in the bone
receptor and ligand-bearing cells. Notch signaling ismarrow (BM), while T cell development is restricted al-
thought to influence patterning during the developmentmost exclusively to the thymus. Although the various
of complex organ systems, and can be activated se-stages of B cell development have been successfully
quentially during progressive developmental stages (Ar-reproduced in vitro (Rolink et al., 1995), to date, the
tavanis-Tsakonas et al., 1999). Four mammalian Notch
generation of T cells in vitro has required cumbersome
receptors have been identified, which bind to a family
fetal thymic organ culture systems, or reaggregates of
of at least five different ligands that belong to either the
thymic epithelial cells and stem cells, that recapitulate Delta or Jagged/Serrate family (Figure 2). Notch recep-
the 3-dimensional structure of the thymus. This has cre- tors are large type I transmembrane proteins that share
ated the notion that thymus architecture and stromal a unique signaling mechanism. Ligand binding induces
cell types provide unique signals that are essential for a proteolytic cleavage within the Notch intracellular do-
normal thymopoiesis (Hare et al., 1999). main, to generate an active form of the receptor (Notch-
Developing T cells are thought to migrate to distinct IC) that translocates into the nucleus and activates tran-
regions within the thymus as they mature (Figure 1). In scription by interacting with a ubiquitously expressed
a recent study, Lind et al. (2001) proposed that uncom- transcriptional repressor CBF1/RBP-J (CBF1). The
mitted CLPs enter the thymus at the cortico-medullary highly conserved RAM and Ankyrin domains of Notch-IC
junction, migrate outward through the cortex as they displace transcriptional corepressors by binding directly
initiate TCR rearrangement, and proliferate within the to CBF1, while a distinct transcriptional activation do-
subcapsular region following  selection. CD4CD8 main (TAD) domain recruits transcriptional coactivators
(DP) thymocytes are thought to undergo positive selec- (Mumm and Kopan, 2000).
tion on cortical epithelial cells, while mature CD4 or Notch Signaling Regulates T Cell Development
CD8 (SP) thymocytes undergo negative selection as There is considerable evidence that signaling through
they traverse into the medulla. This dynamic movement Notch receptors regulates multiple stages of T cell de-
velopment. A clear consensus is emerging that Notch1
regulates the earliest stages of T cell commitment by1Correspondence: mbevan@u.washington.edu
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Figure 1. Migration of Maturing T Cells in the Thymus
providing a directive signal that promotes differentiation expressed in lymphoid organs in complex overlapping
patterns that do not correlate directly with their pro-of CLPs into the T cell lineage, while inhibiting B cell
differentiation (Izon et al., 2002; Radke et al., 2002). Loss posed function. For example, although signaling through
Notch1 is thought to influence T lineage commitment inof Notch1 function in HSCs blocks T cell differentiation
and results in the accumulation of immature B cells the thymus, there is evidence that Notch1 is expressed
on HSCs, thymocytes, and on maturing B cells (Ander-in the thymus. Conversely, gain of Notch1 function by
overexpression of Notch-IC in HSCs blocks B cell devel- son and Jenkinson, 2001; Bertrand et al., 2000). This
apparent contradiction may be explained by the obser-opment and results in T lineage commitment in the bone
marrow. The Notch pathway has also been proposed to vation that Notch signals are subject to regulation by a
number of molecules that can affect ligand binding orplay a role in maintaining HSC populations, regulating
thymocyte differentiation into the  vs.  lineages, or modulate intracellular signals. The ability of Notch re-
ceptors to respond to ligands of either the Delta orin promoting or inhibiting the maturation of immature
CD4 or CD8 thymocytes. Jagged/Serrate class is influenced by a family of three
different Fringe molecules (Lunatic, Maniac, and RadicalEfforts to generate a consensus on how Notch signal-
ing may influence these various functions has been ag- Fringe). Interestingly, overexpression of Lunatic Fringe
in thymocytes appears to inhibit Notch signals and re-gravated by the inherent redundancy of the system. The
four mammalian Notch receptors and their ligands are sults in increased B cell differentiation in the thymus
Figure 2. Receptors, Ligands, and Regulatory Molecules in the Notch Signaling Pathway
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(Koch et al., 2001). At the intracellular level, Notch sig- did not attempt to generate mature CD4 T cells by
providing MHC-II in their cultures.nals can be regulated by a number of cytoplasmic or
It is not clear whether expression of Delta-1 on OP9nuclear proteins including Numb, Hairless, and Deltex.
stromal cells is sufficient to induce the entire normalThese molecules may regulate the intensity, duration,
T cell developmental program, including positive andor quality of Notch signals (Radke et al., 2002).
negative selection of functionally mature CD4 andFinally, there is some evidence that Notch signals can
CD8 T cells. Nevertheless, the above data clearly dem-be modified by the activity of other signaling pathways.
onstrated that a normal T cell-specific developmentalFor example, it has been proposed that signals through
program was initiated and proceeded efficiently up toNotch1 and Notch2 are differentially affected by stimula-
at least the CD4CD8 DP stage. Schmitt and Zu´n˜iga-tion with M-CSF or GM-CSF (Milner and Bigas, 1999).
Pflu¨cker estimated the progenitor frequency for T cellsTogether these observations suggest that Notch signals
at approximately 1 in 17 stem cells in OP9-DL1 cocul-may be interpreted differently by cells during specific
tures and at 1 in 6 for B cells in OP9 cocultures. Thedevelopmental stages or under the influence of different
high frequency of T cell progenitors suggests that themicro-environmental conditions. With all of these fac-
observed T cell population resulted from differentiationtors coming to play, perhaps simultaneously on a single
of an uncommitted stem cell pool rather than the selec-cell, there is a clear need for a simple in vitro system
tive outgrowth of rare contaminating immature T cells.that will allow the contribution of individual components
Defining the Signals that Regulateof the Notch signaling pathway to be examined sepa-
T Cell Maturationrately.
The above data presented by Schmitt and Zu´n˜iga-A Novel In Vitro Culture System
Pflu¨cker is similar to a previous study reported by Jalecofor T Cell Development
et al. which suggested that Delta-1, but not Jagged-1,Schmitt and Zu´n˜iga-Pflu¨cker propose that the require-
can inhibit B cell commitment. Jaleco et al. employedments for differentiation of T cells and B cells are remark-
a similar culture system utilizing a different stromal cellably similar. By expressing the Notch ligand Delta-1 on
line (S17) and CD34 stem cells isolated from humana stromal cell line, OP9-DL1, they were able to induce
cord blood. Both studies reported inhibiton of B cellmurine fetal liver stem cells (sorted CD117/Sca1hi/Lin)
development in cultures containing stromal cells trans-to differentiate into what appear to be functionally ma-
fected with Delta-1. Jaleco et al. were able to generateture CD8 T cells, under the influence of IL-7 and Flt3-L.
significant numbers (up to 66%) of what appeared toSimilar cultures containing unmodified OP9 stromal
be immature T/NK progenitors, expressing CD7 and in-cells generated NK cells early in the culture period, and
tracellular CD3, and small numbers (up to 4%) ofthen exclusively B cells.
CD4CD8 T cells.In the OP9-DL1 cultures, stem cells were induced to
The striking finding in Jaleco et al. was the observationdifferentiate following a program that resembles that
that two different Notch ligands, Jagged-1 and Delta-1,seen in the thymus. Within 12 days, cell numbers ex-
which are both expressed on thymic epithelial cells, arepanded more than 2,000-fold, and produced substantial
not equivalent. Only Delta-1 was able to inhibit B lineagenumbers of both  and  lineage T cells.  lineage
commitment and promote differentiation of immature TT cells appeared to initiate a complete developmental
cell precursors. But comparison of these two studiesprogram including progression through the normal
raises other important questions. For example, it will bestages of CD4 and CD8 expression. By day 7, the normal
important to determine why Jaleco et al. were unableCD4CD8 (DN) subsets were evident, as determined
to generate significant numbers of DP T cells. Inefficientby expression of CD44, CD25, and TCR rearrangement.
T cell maturation could result from differences betweenThe authors reported (but did not show) that cultures
human and murine stem cell populations, added growthseeded with RAG/ stem cells underwent the expected
factors, or unique positive or negative regulatory signals
developmental arrest at the DN3 stage. The above cul-
provided by the stromal cells. Schmitt and Zu´n˜iga-
ture system should greatly facilitate future studies ex-
Pflu¨cker attempted to address this question by compar-
amining the specific requirements for cytokines or cell ing S17 and OP9 directly in their culture system. Al-
surface receptors during developmental progression though unmodified OP9 and S17 stromal cells appeared
between the DN stages. This analysis is particularly in- to function equally well in generating large numbers of
teresting in light of recent data from Wolfer et al. (2002), B cells, OP9-DL1 stromal cells were vastly superior in
that suggested signaling through Notch1 is essential for their ability to generate DP T cells compared to S17-
complete TCR rearrangement and normal thymocyte DL1. It is not clear at what stage of T cell differentiation
progression through at least the DN2/DN3 stage. the difference between these two stromal cell lines first
Schmitt and Zu´n˜iga-Pflu¨cker also presented data sug- becomes apparent. The failure to generate significant
gesting that normal, functionally mature T cells could numbers of DP T cells could result from diversion of the
be generated in their OP9-DL1 cultures. The authors T/NK decision or inefficient maturation of early T cell
were able to generate a small number of CD8 T cells progenitors. Nevertheless, this result raises the impor-
that expressed mature levels of surface TCR. At least tant point that there is more to making T cells than the
some of these TCRhi CD8 T cells appeared to be func- mere presence or absence of a Notch signal.
tionally mature in that they could be induced to synthe- Implications for the Role of Notch Signaling
size IFN, following in vitro stimulation for 3 days with during T Cell Development
plate-bound anti-CD3. It was not clear however how this The above data raise important questions relating to the
activation compared with that of normal CD8 T cells, role of Notch signals during different stages of T cell
development. For example, how does the spatial ex-as a control was not shown. Additionally, the authors
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pression of Notch receptors and ligands within the thy- epitope, bind HLA-A2, and that serve to positively select
mus relate to the fundamental importance of an intact CD8 T cells with high affinity for the tumor antigen.
thymic structure during thymopoiesis? It is possible that Patient stem cells cocultured with such a stromal cell
overall thymic output, or the relative amounts of different line plus peptide would result in the selective maturation
T cell subsets, may be determined by the availability of of CD8 T cells on the A2/peptide complexes (since
different Notch ligands within the thymus. Uncommitted these are the only ligands present on the stromal cells).
stem cells or developing T cells may compete for access CD8 T cells that mature could be expanded on tumor
to Notch ligands, or differentially induce expression of antigen plus IL-2 for infusion into the patient. This proce-
molecules that regulate Notch signaling. dure may be less risky than growing a diverse T cell
The spatial organization of Notch ligands may also pool, and it gets around the problem that cancer patients
regulate thymocyte maturation by regulating the dura- may have no or only low affinity T cells, but again, we
tion of Notch signals as thymocytes migrate to specific do not know whether the T cell repertoire is subject to
regions within the thymus. It is not clear if developing rules of selection in these cultures.
T cells had access to Delta-l throughout the culture The novel approach of using Notch ligand-expressing
period in the system reported by Schmitt and Zu´n˜iga- stromal cell lines to allow T cell commitment and devel-
Pflu¨cker. There is some evidence that Notch signals opment in culture immediately provides a wonderful tool
are modulated during normal thymocyte development for detailed experimental analysis of the differentiation
(Deftos et al., 2000), and conflicting reports have argued program. Clinical applications will have to wait.
that excessive Notch signals during the DP stage can
Selected Readingeither inhibit or promote maturation beyond the DP
stage (Izon et al., 2002). The culture system described
Anderson, G., and Jenkinson, E.J. (2001). Nat. Rev. Immunol. 1,by Schmitt and Zu´n˜iga-Pflu¨cker will allow future studies
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Could the new system be used in a more targeted
way to generate new effector T cells with a desirable
anti-tumor specificity? For this one would need (1)
knowledge of the tumor target epitope, say for example
HLA-A2/melanA, (2) a Delta-1 bearing stromal line that
carries the A2 gene and is deficient in class I presenta-
tion, for example as a result of TAP deficiency, and (3)
altered peptide ligands that are related to the target
